Spatially, spectrally, and depth-resolved cathodoluminescence (CL) measurements were performed for high-quality thin AlN films grown on Si(111). CL spectra exhibited a sharp peak at 5.960 eV, corresponding to the near-band-edge excitonic emission of AlN. Depth-resolved CL analysis showed that deep level oxygen and carbon impurities are localized primarily at the AlN/Si interface and AlN outer surface. Monochromatic CL imaging of the near-band-edge emission exhibits a spotty pattern, which corresponds to high concentrations of threading dislocations and thermally induced microcracks in the thin layers. We have examined relief of the thermal stress in close proximity to single microcracks and intersecting microcracks. Local CL spectra acquired with a focused e-beam show blue-shifts as large as ;82 meV in the AlN nearband edge excitonic peaks, reflecting defect-induced reductions in the biaxial thermal stress, which has a maximum value of ;47 kbar.
INTRODUCTION
AlN exhibits interesting physical properties (e.g., large bandgap, high-thermal conductivity, and large piezoelectricity) that are essential for applications in the ultraviolet wavelength range as well as for high-temperature electronic devices. [1] [2] [3] [4] Challenges in crystal growth due to the high-temperature growth requirement, 5, 6 dopant incorporation problems, 7 and availability of suitable substrates for latticematching have limited the number of studies of AlN films. 8, 9 In this study, we have performed a detailed spatially and spectrally resolved cathodoluminescence (CL) study for high-quality thin AlN films grown on Si(111), which could serve as a practical and convenient substrate for future synthesis and processing of AlGaN-based devices. 10, 11 Because of the large bandgap of ;6 eV for AlN, the high-energy and sharply focused electron beam (e-beam) employed in CL serves as an excellent probe for locally generating excess electrons and holes and subsequently measuring variations in the luminescence efficiency caused by microcracks, dislocations, and impurities. 12 While the presence of thermal stress-induced microcracks is clearly undesirable when attempting to obtain high-quality thin film growth of III-nitride films on Si, the presence of cracking enables a study of the stress-induced energy shifts in the optical transitions that can be measured with a high-resolution spatially resolved probe, such as with CL. In this paper, we further attempt to show consistency between the deformation potentials determined by ab initio calculations, the measured energy shifts in the CL emission peaks at various positions near the microcracks, and the resulting values of uniaxial and biaxial stress near various crack configurations, as caused by the thermal expansion mismatch between Si and AlN.
EXPERIMENTAL
The AlN films were grown by low pressure organometallic vapor phase epitaxy. Use of Si (111) further helped to minimize oxygen diffusion from the substrate, which occurs regularly when sapphire is used as the substrate. 5, 13 The growth temperature was ;1100°C. The thickness of the resulting AlN films was ;0.5 mm. The CL experiments were performed with a modified JEOL-5910 (Tokyo, Japan) scanning electron microscope (SEM) using variable beam currents (30 pA to 10 nA) and energies (3 keV to 15 keV). The luminescence was collected with a copper ellipsoidal mirror and transferred to a 1/4-m monochromator via a flexible solarization resistant ultraviolet optical fiber bundle that was designed for insertion into the SEM vacuum chamber. The dispersed light was detected with a multialkali photomultiplier tube, which enabled photon counting. The sample was cooled with a closed-cycle liquid He system connected to the SEM sample stage by a copper braid. The sample temperature was varied from 49 K to 300 K. The electron beam was rastered over a 64 mm 3 48 mm region during acquisition of CL spectra in the spatially integrated mode. Local CL spectra were also acquired by keeping the e-beam stationary and focused on specific features that will be discussed. Possible charging effects were examined by monitoring any changes in the apparent spatial resolution and distortions in the SEM imaging. At room temperature, we observed no change in the apparent spatial resolution and image quality for all e-beam currents (I b ) and energies (E b ) used in this study whereas a slight distortion of the SEM image was observed at T 5 49 K when E b 5 6 keV and for I b . ;10 nA, indicative of the power dissipation conditions that can lead to charging of the sample.
RESULTS AND DISCUSSION
Spatially integrated CL spectra of the AlN sample at T 5 300 K exhibit a sharp peak at 5.960 eV, as shown in Fig. 1a , corresponding to the near bandedge excitonic emission of AlN. Additional broader peaks were observed at 3.040 and 3.410 eV and were previously related to deep-level oxygen impurities. [14] [15] [16] Two additional relatively small peaks were observed near 4.5 eV and are likely related to carbon impurities in AlN. 1, 14, 15 This relatively weak emission demonstrates that only a minor carbon contamination occurred during sample growth. 16 The depth-resolved analysis of the CL spectra shown in Fig. 1 was preformed by varying the e-beam energy, E b , which simultaneously changes the maximum depth R m of e-beam penetration and position of maximal e-beam energy loss relative to the surface. 17 The data shows that the peak CL emission ratio for the near-band edge of AlN relative to that for the deep-level oxygen emission at 3.040 and 3.410 eV [I AlN /I 3.04 and I AlN /I 3.41 , respectively, in Fig. 1b ] occurs for E b % 6 keV. This beam energy corresponds to R m % 170 nm, as calculated from the model of Everhart and Hoff. 17 Thus E b % 6 keV evidently corresponds to a condition that results in a peak in the electron-hole pair creation function near the center of the 0.5-mm-thick AlN film. Because the relative intensity of the deep-level emission is greatest when R m corresponds to values in close proximity to either the AlN surface or the Si/AlN interface, we can infer that these defect-or impurity-related emissions originate mainly from such regions of the AlN film. Furthermore, the intensity ratio between the deep-level oxygen and carbon emission [I C /I O in Fig. 1b ] versus E b reveals that the carbon incorporation is primarily at the AlN surface and to a lesser extent at the AlN/Si interface, as evidenced by the peaks in I C /I O at very low and high E b .
To examine the dependence of the excitonic luminescence on varying excitation levels, CL spectra were acquired in the spatially integrated mode with the e-beam currents I b , varying from 30 pA to 10 nA for E b 5 6 keV. The results in Fig. 2 , for which the sample temperature was maintained at T 5 49 K, reveal that the defect-related emission saturates at low beam currents whereas the excitonic emission increases almost linearly with beam current in this excitation range. The ratio of integrated intensities for the defect-related and exciton peaks versus I b are shown in Fig. 2b and exhibits a nearly linear dependence for I b . ;5 nA. This saturation behavior is consistent with the localization of oxygen impurities primarily at the AlN/Si interface and AlN surface. At very low excitations, carriers generated throughout the film will seek the lower energy defect channels through carrier diffusion toward the interface and surface. The gradual filling of the interface and surface defect levels will be followed by an increased relative rate of near-band edge electron-hole recombination, as evidenced by the increasing values of I AlN /I 3.04 and I AlN /I 3.41 for larger I b in Fig. 2b .
SEM and monochromatic CL images of the nearband edge excitonic emission are shown in Fig.  3a-3d . The CL images in Fig. 3c and 3d were acquired at hn 5 5.96 eV and exhibit a spotty emission pattern where defect-induced nonradiative recombination results in large spatial variations in the luminescence efficiency. Dark line defects (DLDs) observed in Fig. 3c and 3d appear in the CL images at the energy of the excitonic emission, indicating the presence of stress-induced microcracks running primarily along the high-symmetry wurtzite, [11 20] , [10 10] , and [01 10] directions. The transmission electron micrograph in Fig. 3e shows the single crystal nature of the AlN film and reveals in Fig. 3f clusters of threading dislocations that propagate from the AlN/Si interface to the surface.
The SEM images in Fig. 3a and 3b exhibit microcracks that intersect at angles of 60°and 120°, indicative of the hexagonal symmetry. Repeated temperature cycling of the sample between 300 K and 50 K increased the density of the microcracks and corresponding DLDs in the CL images. A biaxial tensile thermal stress is expected to form in the AlN layer during growth due to the large difference in the thermal expansion coefficient a between Si (3 3 10 À6 /K) 18 and AlN (7 3 10 À6 /K). 19 Interestingly, DLD-type features do not appear in the monochromatic CL images (not shown) for the broad oxygen-related peaks at 3.41 eV. This may relate to the localization of the oxygen impurity features of AlN at the lower AlN/Si interface where an incomplete severing of the AlN film may still result in an optically active AlN/Si interfacial region possessing sufficient oxygen impurities.
A further examination of local CL spectra acquired while the e-beam was focused on features observed in the CL images reveals a blue-shift in the near band-edge excitonic emission of ;6 meV and ;40 meV for dark spots and DLDs, respectively. Local CL spectroscopy with the e-beam focused on these features is shown in Fig. 4 , revealing the excitonic peak positions of 5.997 eV, 6.003 eV, 6.040 eV, and 6.079 eV, for a bright region (reduced defects), dark spot (possibly dislocation clusters), single DLD (microcrack), and the corner of two intersecting DLDs, respectively. Dislocation clusters, as observed in the cross-sectional TEM image of Fig. 3f, likely give rise to the dark spots in the CL images of Fig. 3c and 3d , as has previously been observed in GaN. 20, 21 A considerable variation in the density of dark spots in the CL imaging of the AlN near-band-edge emission was observed throughout the sample, as demonstrated by the large variation in contrast observed between Fig.  3c and 3d. We deduce from this variation that the presence and density of dislocation clusters is also likely highly nonuniform throughout the sample. However, SEM imaging did not reveal contrast variations that correlated with the dark spots and dislocation clusters observed in the CL imaging of Fig.  3c and 3d . The relative blue-shift observed for dark spots and DLDs in the peak of the excitonic luminescence is caused by a reduction in the thermal tensile stress of the AlN film created by these defects.
By assuming complete strain relief at the intersection of two microcracks or DLDs, the measured maximum blue-shift (82 meV from Fig. 4 ) in the near-band edge energy enables a quantitative estimation of the thermal stress in regions far from the microcracks. A diagonalization of the orbital-strain Hamiltonian for a wurtzite crystal permits a determination of the energy shift of the near-band edge excitonic emission as a function of the strain tensor e ij . [22] [23] [24] For the present case of an AlN film, we use the appropriate strain and deformation potentials for this wurtzite structure. 25 For a diagonal strain tensor e ij (i.e., where e ij 5 0 for i 6 ¼ j), the energy of the near-band edge excitonic luminescence as a function of strain E X (e) is given by E X ðeÞ 5 E X ð0Þ 1 a 1 e zz 1 a 2 e xx 1 e yy À Á 1 b 1 e zz 1 b 2 e xx 1 e yy À Á
where E X (0) represents the strain-free near-band edge excitonic transition energy of an AlN film, a 1 and a 2 are combined hydrostatic deformation potentials for electron-hole transitions across the bandgap, and b 1 and b 2 are uniaxial deformation potentials, which determine the relative splitting of the three top most valence bands for tensions or compressions parallel and perpendicular The four local CL spectra were acquired at a bright spot, dark spot, intersection of two DLDs (i.e., the corner of two microcracks, as shown in Fig. 3d) , and a single DLD (microcrack). The relative shifts in the excitonic transition energy are also indicated and relate to the various stress configurations, as described in the text.
to (0001). [23] [24] [25] We have used the values of À3.39, À11.81, À9.42, and 14.02 eV for a 1 , a 2 , b 1 , and b 2 , respectively, as determined by Wagner et al. through ab initio calculations for wurtzite AlN. 25 The intersection of two microcracks will provide a corner in which stress relief is nearly complete, thereby providing a reference for the measurement of E X (0) in a nearly unstrained (e ii % 0) AlN region. 26, 27 A CL image of two intersecting DLDs whose corner was analyzed is shown in Fig. 3d .
For an in-plane biaxial tensile stress (s xx 5 s yy 5 t b , s zz 5 0), the strain components are given by e xx 5 e yy 5 (C 11 1 C 12 -2C 13 2 /C 33 ) À1 t b and e zz 5 (2C 13 / C 33 )e xx , 25 where the elastic constants are given by Wright as C 11 = 3960 kbar, C 12 5 1370 kbar, C 13 5 1080 kbar, and C 33 5 3730 kbar. 28 t b represents the magnitude of the biaxial stress. Using Eq. 1, an inplane biaxial stress yields an excitonic transition energy shift rate of DE/t b = À1.735 meV/kbar, where DE 5 E X (e) À E X (0). Using this rate, and the maximum shift of À82 meV between a bright region far from a DLD and the region of two intersecting DLDs, we estimate a biaxial stress t b % 47 kbar. Similarily, an in-plane uniaxial stress (s xx 5 t u , s yy 5 s zz 5 0) gives rise to a shift of DE/t u = À0.868 meV/kbar, where t u represents the magnitude of the uniaxial stress. Thus, a shift of À39 meV between the two intersecting microcracks (an unstressed region) and a region in close proximity to the center of a DLD (Fig. 4) translates into a uniaxial stress t u % 45 kbar near the center of the microcrack. Therefore, since t u % t b , we demonstrate consistency between the experimental results and the assumptions regarding stress relief near a single microcrack and two intersecting microcracks. Finally, we note that the 6-meV shift between the excitonic transitions in bright and dark regions (Fig. 4) is consistent with the presence of clusters of threading dislocations in dark regions, which partially relieve the biaxial stress and reduce the luminescence efficiency due to an increased rate of nonradiative recombination.
CONCLUSIONS
In conclusion, we have examined the optical properties of oxygen and carbon deep-level impurities in a thin AlN/Si(111) film with spatially, spectrally, and depth-resolved CL. We show that these impurities, in so far as their optical activity is concerned, are largely localized near the surface and AlN/Si interface. Thermal stress relief was examined by studying shifts in the excitonic energies near single and intersecting microcracks, which evidently give rise to uniaxial and unstressed configurations, respectively. Our analysis shows a maximum biaxial thermal stress of ;47 kbar at T 5 49 K in relatively defect-free regions far from the microcracks.
